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In most cases, kinetic unfolding reactions of proteins follow a simple one-step mechanism that
does not involve any detectable intermediates. One example for a more complicated unfolding
reaction is the acid-induced denaturation of holo-myoglobin (hMb). This reaction proceeds
through a transient intermediate and can be described by a sequential two-step mechanism
(Konermann et al. Biochemistry 1997, 36, 6448–6454). Time-resolved electrospray ionization
mass spectrometry (ESI MS) is a new technique for monitoring the kinetics of protein folding
and unfolding in solution. Different protein conformations can be distinguished by the
different charge state distributions that they generate during ESI. At the same time this
technique allows monitoring the loss or binding of noncovalent protein ligands. In this work,
time-resolved ESI MS is used to study the dependence of the kinetic unfolding mechanism of
hMb on the specific solvent conditions used in the experiment. It is shown that hMb unfolds
through a short-lived intermediate only at acidic pH. Under basic conditions no intermediate
is observed. These findings are confirmed by the results of optical stopped-flow absorption
experiments. This appears to be the first time that a dependence of the kinetic mechanism for
protein unfolding on external conditions such as pH has been observed. (J Am Soc Mass
Spectrom 2000, 11, 312–319) © 2000 American Society for Mass Spectrometry
The native state of a protein in solution is charac-terized by a highly specific and tightly foldedconformation. The addition of denaturants such
as acid or base can induce unfolding of the protein and
the transition to a largely disordered conformation.
Once the denaturant is removed, most proteins sponta-
neously refold to their native state. Despite several
decades of active research in this area, the principles
that govern these folding and unfolding reactions are
still not fully understood. Protein folding continues to
be one of the most active research areas in biophysical
chemistry [1–8]. In general, there are two different
kinds of protein folding experiments [9, 10]. (i) In
equilibrium studies the protein conformation is moni-
tored under stationary conditions, as a function of
denaturant concentration. (ii) Kinetic studies are carried
out under nonequilibrium conditions. Structural
changes of a protein are monitored as a function of time,
following a rapid alteration of the denaturant concen-
tration. Kinetic experiments often involve the use of
stopped-flow or quench-flow techniques. In many cases
these experiments allow the detection and structural
characterization of transient folding intermediates
which can give important clues to the kinetic folding
mechanism [6, 7, 11, 12].
Until recently it was thought that the kinetics of
protein unfolding always follow a simple one-step
mechanism that does not involve any detectable inter-
mediates (see [13] and references therein). However, it
has been shown that this is not always the case. For
example, the unfolding of ribonuclease A follows a
more complicated mechanism that involves at least one
transient intermediate [13]. At present, it is not clear in
how far the kinetic unfolding mechanism of a protein
depends on external conditions such as the solvent or
the specific type of denaturant. It has been shown that
under equilibrium conditions the use of different dena-
turants can result in different unfolding mechanisms [4,
14, 15]. Also for kinetic refolding experiments a depen-
dence of the reaction mechanism on external solvent
conditions has been demonstrated [16]. It seems likely
that a comparable phenomenon should also be observ-
able in kinetic unfolding experiments. However, it ap-
pears that such an effect has not yet been reported in the
literature.
Time-resolved electrospray ionization mass spec-
trometry (ESI MS) is a new technique for studying the
kinetics of protein folding and unfolding in solution
[17–21]. In time-resolved ESI MS a continuous-flow
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mixing setup is coupled to the ion source of an ESI mass
spectrometer. Theoretical aspects of this technique such
as the influence of convection and diffusion on the
observed kinetics have been investigated in a recent
study [22]. Time-resolved ESI MS allows monitoring of
the (un)folding kinetics of proteins by recording mass
spectra at various times after initiation of the reaction.
Changes in the protein conformation can be detected by
alterations of the ESI charge state distribution. An
unfolded protein in solution leads to the formation of
higher charge states than the same protein in a tightly
folded conformation [23–35]. In addition, this technique
allows monitoring the loss or binding of noncovalent
protein ligands [17, 32, 34–38].
Time-resolved ESI MS was previously used to study
the acid-induced unfolding of holo-myoglobin (hMb)
[17]. The native state of hMb is characterized by a
tightly folded conformation and a heme group that is
noncovalently bound to the protein in a hydrophobic
pocket. Among the various noncovalent heme–protein
interactions is the coordination of the central heme iron
with the proximal histidine (His93) [39]. Exposure of
hMb to acidic pH leads to substantial unfolding of the
polypeptide chain and loss of the heme group [17, 21,
24, 37]. The protein without heme is referred to as
apo-myoglobin (aMb). By using time-resolved ESI MS it
has been shown that the kinetics of hMb unfolding
under acidic conditions follow a two-step mechanism
[17]. In the first step a short-lived intermediate becomes
populated which is substantially unfolded but still
retains its heme group. In a subsequent step the un-
folded heme–protein complex dissociates and the reac-
tion products, unfolded aMb and free heme, are
formed. That study marked only the second time that
the occurrence of a kinetic protein unfolding interme-
diate was ever observed, following the initial report of
such an intermediate for ribonuclease A [13].
In this work, time-resolved ESI MS is used to study
the pH dependence of the kinetic unfolding mechanism
of hMb. It is shown that this reaction proceeds through
a transient unfolding intermediate only at acidic pH.
Unfolding under basic conditions appears to be a sim-
ple one-step reaction without any detectable intermedi-
ates. These results show that solvent conditions such as
pH can have a pronounced influence on the kinetic
mechanism of protein unfolding. It is also demon-
strated that time-resolved ESI MS is a powerful tool to
differentiate between different unfolding mechanisms.
Experimental
Chemicals
Horse heart Mb, obtained from Sigma (St. Louis, MO)
was used after centrifugation to remove a small fraction of
insoluble protein but without further purification. Glacial
acetic acid was obtained from BDH (Toronto, ON) and
piperidine from Aldrich (Milwaukee, WI). HPLC grade
methanol was supplied by EM Science (Gibbstown, NJ).
Time-Resolved ESI MS
Kinetic measurements were carried out by recording
ESI mass spectra at different times after initiation of the
unfolding reaction. These experiments were performed
by using a continuous-flow setup similar to that described
previously [18]. Briefly, the plungers of two syringes were
advanced simultaneously by a syringe pump (Harvard
Apparatus, South Natick, MA). One syringe contained
native hMb in water (50 mM, pH 6.5), the other syringe
contained a dilute solution of acetic acid or piperidine in
water/methanol (50:50 v/v). Unfolding of the protein was
initiated by 1:1 mixing of the solutions from both syringes
in a homemade mixing tee, resulting in aqueous solutions
containing 25% methanol at pH 3.4 or 11.2. These final
values of pH were determined in separate control
experiments after manual mixing of the solutions by
using an accumet AB15 pH meter (Fisher Scientific,
Nepean, ON). The mixing tee used for these experiments
had a dead volume on the order of 3 nL which corre-
sponds to a mixing time of roughly 6 ms [18]. The mixing
tee was connected to the customized ESI source of a mass
spectrometer by a reaction capillary of variable length
with an inner diameter of 75 mm (Polymicro Technologies,
Phoenix, AZ). Capillary lengths between 0.9 and 106 cm
were used. At a total flow rate of 30 mL/min these lengths
correspond to reaction times between 80 ms and 9.4 s,
respectively. ESI mass spectra were recorded by pneumat-
ically assisted ESI on a single-quadrupole mass spectrom-
eter (Sciex, Concord, ON). Mass spectra for acidic solu-
tions were recorded in the positive ion mode, whereas
negative ion ESI was used for solutions of basic pH. We
also attempted to monitor the unfolding kinetics of hMb
under reverse polarity conditions [40, 41] but the low
signal intensity in these experiments did not allow record-
ing of meaningful data. The ion sampling interface of the
mass spectrometer used for this work is very similar to
that described in [20]. Previous work has shown that the
noncovalent heme–protein complex of hMb can be dis-
rupted by collisionally activated dissociation in the
orifice–skimmer region of this type of interface [42]. In
order to prevent this process, all spectra were recorded at
an orifice–skimmer voltage difference of only 20 V. The
problem of low signal intensity under these conditions
was circumvented by extensive signal averaging and a
relatively high protein concentration (see above). For each
of the mass spectra shown in Figures 1 and 3, approxi-
mately 75 mL of protein solution were consumed.
All the experiments in this work were carried out in
the presence of 25% methanol. Without methanol, hMb
does not unfold in the pH range that is readily accessi-
ble by “ESI compatible” bases such as piperidine or
ammonium hydroxide [21]. For reasons of consistency,
25% methanol was also used for the acid-induced
unfolding, although organic cosolvents are not required
to denature myoglobin at acidic pH [17]. In the absence
of acid or base, the presence of 25% methanol does not
unfold the protein. ESI mass spectra and optical absorp-
tion spectra of hMb in 25% methanol are very similar to
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published data that were recorded at near-neutral pH in
the absence of methanol [21, 37, 43] (data not shown). The
rate constants of acid-induced hMb denaturation are
strongly pH dependent [44]. In the current work a similar
effect was observed for base-induced denaturation of this
protein (data not shown). For this study the pH was
chosen such that the reactions were virtually complete 5
min after exposing the protein to denaturing conditions.
All experiments were carried out at room temperature
(22 6 1°C).
Global Data Analysis
Global data analysis [18, 45] was used to fit the kinetics
recorded by time-resolved ESI MS. The intensity for
each charge state as a function of time was found to be
well described by a sum of two exponentials plus a
constant term. Intensities were fit to
I~m/z, t! 5 a1~m/z! exp~2t/T1!
1 a2~m/z! exp~2t/T2! 1 a3~m/z! (1)
where m/z is the mass to charge ratio for a given peak in
the mass spectrum, t is the time after initiation of
unfolding, I(m/z, t) is the corresponding signal inten-
sity, T1 and T2 are the time constants with amplitude
spectra a1(m/z) and a2(m/z), respectively. The amplitude
spectrum a3(m/z) represents the nondecaying compo-
nent which corresponds to the extrapolated mass spec-
trum at infinite time after initiation of the reaction. In
global analysis the intensity–time curves of all the peaks
in the spectrum are fitted simultaneously, by assuming
that the kinetics observed at each value of m/z show the
same time constants T1 and T2, but different amplitudes
ai(m/z) [45]. A positive value of ai(m/z) indicates that the
respective peak intensity in the mass spectrum de-
creases with a time constant Ti, negative values of
ai(m/z) indicate an increase in intensity.
Stopped-Flow Optical Absorption Measurements
Stopped-flow optical absorption measurements were
carried out on a Bio-Logic instrument (model SFM-4QS,
Molecular Kinetics, Pullman, WA) that was equipped
with an MOS-200 optical detection system.
Results
Unfolding Kinetics at Basic pH Monitored by ESI
MS
The unfolding kinetics of hMb at basic pH were moni-
tored by ESI MS in the negative ion mode. Unfolding
was initiated by exposing the native heme–protein
complex to water/methanol (75:25 v/v) at pH 11.2. The
first spectrum, recorded 80 ms after this mixing step
(Figure 1A), shows a charge state distribution centered
around hMb 92 indicating a tightly folded protein
conformation in solution. All the dominant peaks cor-
respond to the intact heme–protein complex (17,568
Da). In the low mass range a small double peak is
observed that is due to free heme (i.e., heme2 and
{heme 1 H2O}
2). After 430 ms the mass spectrum
shows an additional distribution that consists of aMb
ions (16,952 Da). This second distribution has its maxi-
mum at higher charge states and it represents an
unfolded state of the apoprotein in solution. In the mass
spectrum recorded after 1.2 s (Figure 1C) these aMb
signals have further increased in intensity and the
relative contribution of hMb ions is substantially re-
duced. The spectrum depicted in Figure 1D was re-
corded 5 min after initiation of unfolding in a manual
mixing experiment. It shows a unimodal charge state
distribution of aMb ions with a maximum around 162
and a strong signal due to free heme. Some residual
peaks that correspond to the intact heme–protein com-
plex show a very low intensity. This spectrum indicates
that virtually all the proteins are unfolded and have lost
their heme group [46]. Throughout the entire time
range studied in this experiment, the ESI mass spectra
can be well described as a superposition of only two
charge state distributions which represent a tightly
folded conformation of hMb and an unfolded confor-
Figure 1. Denaturation of holo-myoglobin (hMb) in water/
methanol (75:25 v/v) at pH 11.2 monitored by time-resolved ESI
MS in the negative ion mode. These spectra were recorded 0.08 s
(A), 0.43 s (B), 1.2 s (C), and 5 min (D) after initiation of
denaturation. Notation: h is hMb; a is apo-myoglobin (aMb), H is
heme. Also indicated are the charge states of some protein ions.
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mation of aMb in solution. There is no indication of a
third charge state distribution that could be attributed
to a kinetic unfolding intermediate.
To study the kinetics of hMb unfolding in more
detail, the intensities of all the peaks in the spectrum
were recorded as a function of time. Global data anal-
ysis reveals that the kinetics of all these peaks is well
described by biexponential curves with two time con-
stants of T1 5 1.5 s and T2 5 21 s (see eq 1). The
second constant is required to obtain a satisfactory fit,
although its exact value cannot be determined very
accurately because of the limited experimental time
window of only 9.4 s. All the hMb ion intensities show
biexponential decays very similar to those shown in
Figure 2A, B. These curves represent the depletion of
the native state during unfolding. The formation of
unfolded aMb in solution is characterized by curves
such as that shown in Figure 2C. Very similar kinetics
are observed for the formation of free heme (Figure 2D).
Unfolding Kinetics at Acidic pH Monitored by ESI
MS
Figure 3 shows positive ion mass spectra that were
recorded at different times during the denaturation of
hMb in water/methanol (75:25 v/v) at pH 3.4. The
spectrum recorded after 80 ms (Figure 3A) shows a
narrow charge state distribution of hMb ions with a
maximum at hMb 91. This spectrum indicates the
almost exclusive presence of tightly folded, intact hMb
in solution [17, 21, 24, 37]. The spectrum recorded after
0.63 s (Figure 3B) exhibits a bimodal charge state
distribution of hMb ions which has a primary maxi-
mum at hMb 91, and a secondary maximum around
hMb 141. This second maximum provides clear evi-
dence for the presence of proteins that are substantially
unfolded but still retain their heme group [17]. In
addition, Figure 3B shows aMb ions in high charge
states which are due to the presence of unfolded aMb in
solution. Figure 3C shows that after 1.2 s the relative
contribution of hMb ions in low charge states is strongly
diminished, whereas the contribution of hMb in high
charge states remains almost constant. The dominant
peaks in Figure 3C are due to aMb in high charge states.
The spectrum depicted in Figure 3D was recorded 5
min after initiation of the reaction. It is typical for
acid-denatured aMb and indicates that virtually all the
proteins in solution are unfolded and have lost their
heme group [17, 21, 28, 37, 47]. It is concluded that a
minimum of three protein states in solution, namely
folded hMb, unfolded hMb, and unfolded aMb is
Figure 2. Time course of the signal intensity for four represen-
tative peaks in the ESI mass spectrum of myoglobin after exposing
the native heme–protein complex to denaturing conditions (25%
methanol, pH 11.2). Solid lines are fits to the experimental data.
Figure 3. Denaturation of hMb in water/methanol (75:25 v/v) at
pH 3.4 monitored by time resolved ESI MS in the positive ion
mode. These spectra were recorded 0.08 s (A), 0.63 s (B), 1.2 s (C),
and 5 min (D) after initiation of denaturation. For notation see the
caption of Figure 1.
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required to explain the appearance of the mass spectra
in Figure 3. The satellite peaks in the spectra of Figure
3 are most likely due to incompletely desolvated pro-
tein ions that are bound to one molecule of acetic acid
and two molecules of water.
Within the experimental time window of 9.4 s the
signal intensities of all protein peaks could be well
described by biexponential curves with time constants
of T1 5 0.2 s and T2 5 0.9 s. Low charge states of hMb
show a rapid decay as depicted in Figure 4A for hMb
91. A completely different behavior is observed for
higher charge states such as hMb 141 (Figure 4B). The
fast time constant of 0.2 s leads to a rapid increase of
these ion intensities before they decay with the slower
time constant of 0.9 s. This shows that the high charge
states of hMb represent a transient intermediate which
temporarily accumulates during the unfolding reaction
[17, 48]. Note that this phenomenon is not observed
during the base-induced unfolding of hMb (compare
Figure 2B). The decay of the transient intermediate is
accompanied by the formation of the final reaction prod-
uct, unfolded aMb as depicted in Figure 4C. At acidic pH,
the signal intensity of free heme does not follow the time
course of the aMb signals. After a rapid increase in
intensity, the heme signal shows a decay before it reaches
a more or less stationary level (Figure 4D). This signal was
not included in the global data analysis because it was not
possible to get a satisfactory fit within the biexponential
model used for the protein peaks. The solid line in Figure
4D is a spline curve that only describes the time course of
the signal intensity qualitatively.
Unfolding Kinetics Monitored by Stopped-Flow
Spectroscopy
The Soret region of the hMb absorption spectrum (i.e.,
the region between roughly 350 and 450 nm) provides a
probe for changes in the chemical environment of the
heme group. Therefore optical absorption spectroscopy
is often used to monitor conformational changes of
heme proteins [43, 49]. Unfolding kinetics can be stud-
ied by stopped-flow spectroscopy where changes in the
heme absorption are monitored as a function of time,
following a rapid mixing step. The stopped-flow exper-
iments in this work were carried out under the same
solvent conditions that were used for time-resolved ESI
MS. From previous work it is known that the formation
of a transient intermediate during the acid-induced
unfolding of hMb is most clearly seen at 441 nm [17].
The signal observed at this wavelength for the acid-
induced unfolding of hMb is depicted in Figure 5A. The
absorbance shows a rapid increase with a time constant
of 0.16 s which reflects the formation of the intermedi-
ate. This process is followed by a slower decrease with
a time constant of 0.7 s, reflecting the release of heme
into the solvent [17]. These two time constants are in
reasonable agreement with those measured by time-
resolved ESI MS (0.2 and 0.9 s).
A completely different behavior is observed for the
base-induced denaturation of hMb. The absorbance at 441
nm shows a steady decrease that is well described by two
time constants of 1.3 and 25 s (Figure 5B). Again, these
numbers are similar to those obtained by time-resolved
ESI MS (1.5 and 21 s). The stopped-flow data shown in
Figure 4. Time course of the signal intensity for four represen-
tative peaks in the ESI mass spectrum after exposing native hMb
to 25% methanol and pH 3.4. Solid lines are fits to the data, except
for panel D (see the text).
Figure 5. Kinetics of hMb denaturation monitored by stopped-
flow absorption spectroscopy at 441 nm. (A) pH 3.4 and (B) pH
11.2. Solid lines are fits to the experimental data.
316 SOGBEIN ET AL. J Am Soc Mass Spectrom 2000, 11, 312–319
Figure 5B confirm that no transient intermediate be-
comes populated at alkaline pH. We also monitored the
absorbance changes at various other wavelengths in the
Soret region of the spectrum (data not shown). None of
the kinetic curves obtained in those experiments indi-
cated the formation of a transient intermediate under
basic conditions.
Discussion
To the best of our knowledge the unfolding kinetics of
hMb at basic pH have never been studied before.
Time-resolved ESI MS indicates that under the experi-
mental conditions of this work (pH 11.2, 25% methanol)
the formation of unfolded aMb and the depletion of
folded hMb follow biexponential kinetics with time
constants of 1.5 and 21 s. Although the observation of
two time constants for a chemical reaction often indi-
cates the presence of a reaction intermediate [48], the
kinetic data shown in this work do not give any
indication of an intermediate state. Therefore, it seems
more likely that in this case the two time constants
reflect a fast and a slow unfolding subpopulation of the
protein [18]. A similar behavior was previously ob-
served for other proteins [50]. Although the reasons for
this phenomenon are not entirely clear, it seems to be
related to the cis–trans isomerization of one or more
proline residues in the polypeptide backbone [50]. Fu-
ture unfolding experiments on recombinant hMb where
the four proline residues of this protein have been
replaced with other amino acids could further elucidate
this interesting problem.
In contrast to the experiments at acidic pH we used
negative ion ESI MS to monitor the unfolding of hMb
under basic conditions. Many previous studies have
used the ESI charge state distribution as a probe for
conformational changes of proteins both in the positive
ion mode [23–30] and in the negative ion mode [31–35,
46]. Surprisingly, it was noted that in some cases
negative ion ESI MS appears to be insensitive to con-
formational changes [40]. The reasons for this observa-
tion are not fully understood. The transition from native
hMb to unfolded aMb under basic conditions clearly
leads to major changes in the negative ion charge state
distribution (see Figure 1). Negative ion ESI MS does
not indicate the formation of a transient intermediate
during this reaction. However, in view of [40] it seems
possible that the protein does unfold through an inter-
mediate which goes undetected by negative ion ESI MS.
To clarify this point we complemented our ESI MS
experiments with stopped-flow spectroscopy. The opti-
cal data shown in Figure 5B confirm that no intermedi-
ate is formed under basic conditions. It is noted that the
initial ESI mass spectrum recorded at basic pH (Figure
1A) shows a much broader charge state distribution
than the corresponding spectrum recorded at acidic pH
(Figure 3A). Possibly this is due to a more flexible or
more heterogeneous “native” protein structure at basic
pH [26, 28, 29].
A different unfolding mechanism is observed when
the protein is exposed to acidic conditions and 25%
methanol. The kinetic data obtained under these condi-
tions are similar to those obtained in a previous work
that was carried out in the absence of methanol [17].
These experiments are repeated here primarily to allow
a direct comparison with the unfolding behavior seen
under basic conditions. Under acidic conditions a min-
imum of three distinct charge state distributions is
required to describe the changes in the ESI mass spectra
as a function of time: (i) ions of hMb with low charge
states representing the native state of the heme–protein
complex, (ii) hMb ions in high charge states represent-
ing an unfolded conformation of the heme–protein
complex, and (iii) aMb ions in high charge states
corresponding to unfolded apoprotein. Our data pro-
vide clear evidence that unfolded hMb becomes popu-
lated as a transient unfolding intermediate during the
acid-induced unfolding of hMb. This is confirmed by
the results of stopped-flow absorption spectroscopy.
Interestingly, a much higher maximum population of
the intermediate was observed when this reaction was
studied in the absence of methanol. This may be due to
a destabilization of the intermediate relative to the
native state of the protein. A destabilizing effect of
methanol has been demonstrated previously for other
proteins [27, 51].
While under basic conditions the release of free heme
closely follows the formation of unfolded aMb (Figure
2D), this is not the case at acidic pH. This observation is
in accordance with the well known insolubility of heme
under acidic conditions that leads to extensive heme
aggregation [21, 52–54]. Presumably this aggregation
causes the sudden decrease in the intensity of the
heme11 signal after the initial burst of heme formation
(see Figure 4D). We have recently shown that the first
step of aggregation, namely the formation of heme
dimers, can be directly observed by ESI MS when the
experiments are carried out in the absence of methanol
[21]. It is not completely clear why under the conditions
of the current study no dimers were observed. Most
likely, in the presence of methanol heme dimers rapidly
react to form larger aggregates which exceed the mass
to charge ratio range of the instrument used for this
work. Heme aggregation is not seen in the stopped-flow
data of Figure 5A, because free heme and aggregated
heme have very similar absorption spectra [49]. How-
ever, when the acidified protein solution was stored in
the cuvette of the stopped-flow instrument for longer
than about 1 min, a film of precipitated heme was
formed on the cuvette walls. This film could only be
removed by washing the cuvette with an alkaline
solution. In the alkaline range heme has a high solubil-
ity [55].
We hypothesize that the observed differences in the
unfolding behavior of hMb could be related to the pH
dependence of heme solubility [21, 52–54]. The high
solubility of free heme in aqueous solutions of basic pH
facilitates the release of free heme into the solvent and
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therefore promotes the disruption of the heme–protein
complex. For this reason an unfolded form of hMb is
not formed at basic pH. At acidic pH heme is insoluble
and therefore its release into the solvent is thermody-
namically less favorable than under basic conditions.
Thus, at acidic pH the heme group has a tendency to
remain in the hydrophobic environment of the binding
pocket. This allows the persistence of multiple native-
like noncovalent heme–protein interactions [39] that
stabilize the local protein structure around the binding
pocket. That, in turn, prevents the dissociation of the
heme–protein complex during the first step of the
reaction and subsequently leads to the formation of
unfolded hMb as a transient intermediate. More simply,
under acidic conditions the heme group acts as a kind of
“glue” that tends to hold the surrounding protein
structure together. This scenario is in accordance with
the experimental observation that the transient hMb
unfolding intermediate has a largely intact heme bind-
ing pocket, whereas other regions of the protein have
lost their native structure [17]. It is hoped that future
studies will further elucidate the reasons for the ob-
served pH dependence of the hMb unfolding mecha-
nism. One promising strategy will be to pursue kinetic
experiments with recombinant hMb variants that have
altered heme–protein interactions [56].
Conclusions
The kinetic unfolding mechanism of hMb depends on
the specific solvent conditions used in the experiment.
In the presence of methanol, a disruption of the heme–
protein complex and substantial unfolding of the
polypeptide chain can be induced by exposure of the
protein to both acidic and basic pH. However, only
under acidic conditions does the unfolding reaction
proceed through a transient intermediate; at basic pH
no intermediate is observed (see Scheme 1). Thus, in a
kinetic unfolding reaction there can be different mech-
anisms which lead from the native state to a largely
unfolded conformation. Depending on external condi-
tions such as pH, unfolding can proceed through one or
another kinetic reaction mechanism. Therefore the ki-
netic unfolding mechanism of a protein is not deter-
mined by its native structure. This result complements
earlier work where similar effects have been observed
under equilibrium conditions [4, 14, 15] and for kinetic
refolding reactions [16]. However, this study appears to
be the first time where such an effect has been observed
in a kinetic study on a protein unfolding reaction.
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